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glionic parasympathetic neurons within the dorsal motor nucleus of the vagus (DMNV) in the medulla oblongata, resulting in the release of neurotransmitters (e.g., acetylcholine) onto pancreatic ␤-cells and secretion of insulin (6, 17) . Little is known, however, about the nature of the orosensory pathways that elicit CPIR.
Taste input from sugars and artificial sweeteners is sufficient to elicit CPIR in humans (31) and rats (59) . It is possible that these sweeteners elicit CPIR by binding to the T1r2ϩT1r3 sweet taste receptor. In response to sweeteners, T1r2ϩT1r3 activates a signaling pathway involving inositol 1,4,5 trisphosphate and a voltage-gated ATP-release channel (calcium homeostasis modulator 1 or Calhm1) (12) . The released ATP binds to the P2X2ϩP2X3 receptor on primary taste neurons, initiating gustatory nerve input to the brain (15) . Many investigators infer that this is the only taste signaling pathway for sweeteners because genetic deletion of T1r2ϩT1r3, Calhm1, or P2X2ϩP2X3 eliminates the taste-mediated attraction of mice to sugars and artificial sweeteners (19, 56, 63, 71) . However, there is evidence that mice lacking the T1r3 subunit of T1r2ϩT1r3 display a normal taste-mediated CPIR to glucose (19) .
Mammalian taste cells have at least two T1r2ϩT1r3-independent mechanisms for sensing glucose: the Na ؉ -glucose cotransporter 1 (SGLT1) and the ATP-gated K ϩ (K ATP ) channel. SGLT1 functions as a glucosensor in some enteroendocrine cells (24) . Because it transports Na ϩ together with glucose, it produces an electrogenic signal that increases in direct proportion to glucose transport. Likewise, the K ATP channel functions as part of a glucosensor in pancreatic ␤-cells (4) . It consists of an inwardly rectifying K ϩ channel (Kir6) and a regulatory sulfonylurea receptor (Sur1). Pancreatic ␤-cells use glucokinase to link glucose influx to ATP production and K ATP channels to link ATP production to membrane depolarization (3) . Given that SGLT1 and the K ATP channel are both expressed in T1r2ϩT1r3-positive taste cells of mice (40, 61, 68) , either mechanism could activate glucose-dependent signaling in taste cells and ultimately generate CPIR.
We reported previously that oral stimulation with sucrose elicits CPIR in mice (19) . This observation would appear to contradict a role of SGLT1 and K ATP channels in tastemediated CPIR. However, given that ␣-glucosidases are expressed in taste cells (54) , it is possible that these enzymes hydrolyze sucrose into glucose and fructose within the oral starch hydrolysate, which contains (by weight) 2% glucose, 7% maltose, 55% maltooligosaccharides, and 36% maltopolysaccharides.
Training and testing in gustometer. Brief-access lick tests and oral stimulation procedures were conducted in a gustometer (Davis MS160-Mouse; DiLog Instruments, Tallahassee, FL). Before taste tests in the gustometer, each mouse was subjected to three training sessions with water. This served to familiarize each mouse with the gustometer and train it to obtain water from the sipper tube. Each training session began when the mouse took its first lick and lasted 30 min. On training day 1, the mouse could drink freely from a single sipper tube throughout the session. On training days 2 and 3, the mouse could only drink from a sipper tube during sequential 5-s trials. To motivate licking for the water, mice were deprived of water for 22.5 h before each testing session. Afterward, each mouse was returned to its home cage and given 1 h of ad libitum access to water and food; then, it was deprived of water for another 22.5 h but had libitum access to food. Once training was complete, the mouse was given at least one recovery day.
Water-and food-restriction or deprivation protocols. To motivate licking during the brief-access taste tests in experiments 2 and 7, we used a food-and water-restriction protocol. This involved placing each mouse in a new cage with fresh bedding 23.5 h before each test session and limiting its rations to a 1-g chow pellet (F0173, Bio-Serv) and 2 ml of water. This deprivation schedule causes B6 mice to exhibit concentration-dependent increases in lick rate for preferred taste stimuli (18) .
To motivate licking by the B6 and KO mice during the CPIR tests in experiments 1, 3, 4, 5, 6 , and 8, we deprived the mice of water for 23-h before testing. Furthermore, to limit the quantity of food in their stomach, we food deprived the mice for 6 h before testing.
Oral stimulation procedure for eliciting CPIR. For each mouse, we obtained a baseline blood sample between 2:00 and 4:00 PM. Immediately afterward, we put the mouse in the gustometer and permitted it a maximum of 3 min to take its requisite number of licks from the taste stimulus (see below). Most mice completed licking within 60 s. Once they did so, a shutter blocked access to the drinking spout and the mouse was transferred to a cage (without food and water) for blood sampling. If a mouse did not take the requisite number of licks within 3 min, then it was removed from the experiment. We collected additional blood samples at specific time points (see below).
Tail blood sampling. In experiments 3, 4, 5, 6, and 8, we snipped the distal 1 mm of the tail, obtained a single drop of blood from the severed tail vein, and then determined blood glucose concentration with a handheld glucometer (OneTouch Ultra; Milpitas, CA). For repeated samples, we wiped the tail tip with a moist towel to reinitiate blood flow. For the plasma insulin measurements, we obtained blood from the same tail but had to gently stroke the tail lengthwise to obtain the necessary volume of blood (30 l) for each time sample.
In experiment 1, we collected blood samples from the submandibular vein, using a technique described elsewhere (20) . In brief, we used a lancet to sever the submandibular vein. This technique permitted us to collect Ͼ30 l of blood rapidly (i.e., within 5 s), and thus obtain blood samples at precise time points after the mouse initiated licking. To validate the use of blood samples from different body regions, we compared blood samples taken concurrently from the tail and the submandibular vein of 12 mice. All mice had been maintained on ad lib food and water before testing. Despite large differences in blood glucose concentration across mice (109 -212 mg/dl), there was no significant difference in glucose concentration between the tail and submandibular vein samples [mean difference ϭ 4.1 mg/dl; paired t value ϭ 0.69, degrees of freedom (df) ϭ 11, P Ͼ 0.53].
The blood samples for the insulin assays were collected in 30-l EDTA-coated capillary tubes (Innovative Medical Technologies; Shawnee Mission, KS). They were initially stored in ice and were centrifuged later for 3 min at 5,000 rpm. The decanted plasma was stored at Ϫ80°C until analysis with the Ultra-Sensitive Mouse Insulin ELISA (Crystal Chem; Downers Grover, IL).
Experiment 1: time course of change in plasma insulin and blood glucose concentration.
Here, we asked how long it took for plasma insulin and blood glucose concentrations to increase once a mouse initiated licking for a 1 M glucose solution. Previous studies in rats reported that plasma insulin concentrations rose more quickly that did blood glucose concentrations (6, 49, 53) . Each mouse took a weightspecific number of licks (i.e., 4.3 licks/g mouse), as in our previous study (19) . They usually completed these licks within 60 s.
For each mouse, we collected two blood samples and measured the concentration of plasma insulin and blood glucose in each. The baseline blood sample was taken from the tail. Immediately after taking this sample, we placed the mouse in the gustometer and permitted it to complete its weight-specific number of licks (4.3/g mouse) for 1 M glucose. The second blood sample was taken from the submandibular vein 1, 2, 3, 4, or 5 min after the mouse initiated licking. To be included in the experiment, the mouse had to complete its requisite number of licks before we took the second blood sample.
We calculated the difference in plasma insulin (or blood glucose) concentration between the first and second blood samples, separately for each mouse. We refer to these differences as the ⌬ plasma insulin or ⌬ blood glucose concentration. To determine how many minutes elapsed before the ⌬ plasma insulin and blood glucose concentrations rose significantly above baseline, we used a one-sample t-test, separately for each time point. In this and all subsequent statistical comparisons, we set the ␣ level at 0.05. Experiment 2: determination of isoacceptable concentrations of taste stimuli. Here, we sought to identify isoacceptable concentrations of 10 taste stimuli. To this end, we measured licking response of B6 mice to a range of concentrations of glucose (0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 M); sucrose (0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 M); fructose (0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 M); maltose (0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 M); saccharin (0.3, 1, 3, 10, and 30 mM); sucralose (0.3, 1, 3, 10, and 30 mM); SC4567 (0.03, 0.1, 0.3, 1, 3, and 10 mM); Ace K (0.003, 0.03, 0.3, 3, and 30 mM); Polycose (1, 2, 4, 8, 16 , and 32%); and ␣-methyl-D-glucopyranoside (MDG) (0.03, 0.1, 0.3, and 1.0 M), a nonmetabolizable sugar analog that is transported by SGLT1 (21) . All of these chemicals have been reported to bind to the T1r2ϩT1r3 receptor (12) , except the latter two. MDG has an attractive taste to B6 (29, 46) but not to T1r3 KO mice, indicating that it binds to the T1r2ϩT1r3 receptor (J. Glendinning, unpublished data). Polycose (a maltodextrin) has an attractive nonsweet taste to rodents, which is mediated by a non-T1r2ϩT1r3 receptor (42, 62, 72) .
Each mouse was subjected to a brief-access taste test (18) with all concentrations of a given tastant. A trial began when the mouse took its first lick from the sipper tube and ended 5 s later when the shutter closed. After a 7.5-s pause, the mouse was presented a different concentration of the same taste stimulus. In this manner, the mouse could initiate up to 144 trials across the 30-min test session. We treated the different concentrations of each taste stimulus as a block and randomized (without replacement) their order of presentation within the block so that each concentration was presented once before the next block began.
Next, we calculated a standardized lick ratio (SLR), separately for each mouse and taste stimulus, using a procedure described elsewhere (18) . In brief, we determined each mouse's local lick rate (expressed as licks/s) during the first training session with water. First, we determined the mean interlick interval (ILI) in milliseconds, based on the population of ILIs Ͻ200 ms, and then took the reciprocal of this mean. Next, we multiplied the local lick rate by a scaling factor of 5, resulting in an estimate of the maximal number of licks that the mouse could generate if it licked continuously across the 5-s trial. Finally, we calculated the SLR by dividing average number of licks per trial for a taste stimulus (e.g., 1 M glucose) by the maximal potential lick rate per trial. An SLR approaching 0.0 indicates that the taste stimulus elicited only sporadic licking, whereas one approaching 1.0 indicates that it elicited nearly continuous licking across each 5-s trial.
We defined the isoacceptable concentration of each taste stimulus as the lowest concentration that elicited a mean SLR Ͼ 0.70. While this approach did not necessarily identify concentrations of each stimulus that were exactly matched for sweetness intensity or palatability, it did permit us to identify a concentration of each taste stimulus that was highly attractive to the B6 mice.
Experiment 3: do all of the taste stimuli elicit CPIR in B6 mice? The mice took a body weight-specific number of licks for each taste stimulus solution (i.e., 4.3 licks/g mouse). We took tail blood samples at baseline (i.e., 0 min) and then 5, 15, 30, and 60 min after the mouse initiated licking. We tested for time-dependent changes in plasma insulin and blood glucose levels with repeated-measures ANOVA (and Dunnett's post hoc test) separately for each taste stimulus. We also calculated ⌬ plasma insulin (i.e., the change in plasma insulin between time 0 and 5 min after initiating licking) as a measure of CPIR magnitude. We analyzed CPIR magnitude in two ways. We used a one-sample t-test to determine which taste stimuli elicited a CPIR; i.e., a ⌬ plasma insulin concentration that was significantly greater than zero. For those taste stimuli that elicited a CPIR, we compared CPIR magnitudes with one-way ANOVA and Tukey-type multiple comparison test.
Experiment 4: does acarbose prevent sucrose, maltose, and Polycose from eliciting CPIR? Because amylase and ␣-glucosidases are present in the oral cavity (54) , it is likely that they liberated glucose from the glucose-containing carbohydrates that were tested in experiment 3 (i.e., sucrose, maltose, and Polycose). If so, then it is possible that this liberated glucose (and not the larger carbohydrate molecules) elicited CPIR. To test this hypothesis, we had the mice take a weight-specific number of licks (4.3/g mouse) for the isoacceptable concentration of each carbohydrate, with or without acarbose (Sigma-Aldrich).
We used acarbose because it prevents amylase and ␣-glucosidases from hydrolyzing carbohydrates and thereby liberating glucose (30, 37, 39) . We selected 5 mM acarbose for two reasons. First, it effectively blocks the hydrolytic action of amylase and ␣-glucosidases in human saliva (34) . Second, a prior study demonstrated that a 5.6 mg/kg dose of acarbose prevents the rise in blood glucose that typically follows a 0.5 g/kg intraduodenal infusion of sucrose in rats (37) . In this prior study, the ratio of the acarbose dose to the sucrose dose was~11:1 (i.e., 5.6/0.5). In the present study, the ratio of the acarbose dose (0.51 mg/kg) to the sucrose dose (0.05 g/kg) was~10:1. Based on the similarity of these ratios, we predicted that 5 mM acarbose should effectively block hydrolysis of sucrose, maltose, and Polycose in the oral cavity and the small intestine of mice.
We took tail blood samples at baseline (i.e., 0 min) and 5, 15, 30, and 60 min after the mice initiated licking for each taste stimulus, and we measured both plasma insulin and blood glucose concentration. We defined CPIR as described above and compared CPIR across treatment levels (ϩ or -acarbose), separately for each carbohydrate with an unpaired t-test. We tested for an effect of acarbose treatment on plasma insulin and blood glucose dynamics across time with a mixed-model ANOVA and Sidak's multiple comparison test. We also compared plasma insulin and blood glucose values at each time point (relative to baseline) with Dunnett's multiple comparison test, separately for each carbohydrate and treatment level.
Experiment 5: does CPIR increase with intensity and duration of oral glucose stimulation? We tested the prediction that CPIR magnitude would increase with intensity of oral glucose stimulation and duration of stimulation. To vary stimulus intensity, we offered B6 mice different concentrations of glucose (i.e., 0, 0.1, 0.3, 0.6, 1, or 3 M) and allowed them to take a mass-specific number of licks for each glucose solution (4.3 licks/g mouse). To vary stimulation duration, we allowed B6 mouse to take 0, 50, 100, or 200 licks for a 1 M glucose solution. In each case, we collected plasma insulin both at baseline and 5 min after initiating licking.
We used one-way ANOVA (and a Tukey-type multiple comparison) to determine whether CPIR increased with glucose concentration or number of licks. In addition, we used a one-sample t-test to determine whether the CPIR was significantly Ͼ0, separately for each glucose concentration and lick number. Experiment 6: which taste signaling proteins are necessary for CPIR? Previously, we established that T1r3 KO mice exhibit normal CPIR following oral stimulation with 1 or 2.8 M glucose. This established that the T1r3 subunit of T1r2ϩT1r3 receptor does not contribute to CPIR. Here, we examined the necessity of additional taste signaling proteins to CPIR. In each case, we compared mice with a global gene deletion to their appropriate WT control. The KO mice lacked the voltage-gated ATP-release channel (Calhm1), the P2X2ϩP2X3 receptor for ATP, the sulfonylurea receptor 1 (Sur1), or the Na ϩ -dependent glucose transporter 1 (SGLT1).
All mice, except the SGLT1 KO and WT controls, were maintained on the normal chow diet. The SGLT1 KO mice were maintained on a low-carbohydrate diet from weaning (percent kcal from carbohydrate ϭ 2.2%, from fat ϭ 39.3% and from protein ϭ 58.5%; Envigo, Indianapolis, IN), owing to compromised glucose transport in the small intestine (46) . We maintained the B6 WT mice on the same low-carbohydrate diet for 4 wk before testing.
The mice took a weight-specific number of licks (4.3 licks/g mouse) for 2.8 M glucose. We used this high glucose concentration to minimize the risk of a type 2 error. We were concerned that if the KO mice had reduced taste sensitivity to glucose, then we may fail to observe a CPIR simply because the 1 M concentration (which was used in many of the other experiments) might produce a weak response. We obtained tail blood samples at baseline (i.e., 0 min) and 5, 15, 30, and 60 min after the mouse initiated licking for the glucose solution. At each time point, we collected plasma insulin and blood glucose samples. We tested for time-dependent changes in plasma insulin and blood glucose with a mixed-model ANOVA, separately for each type of mouse. Genotype (i.e., KO vs. WT) was a between factor and time a within factor. We also calculated ⌬ plasma insulin (i.e., the change in plasma insulin concentration between time 0 and 5 min after initiating licking) as a measure of CPIR magnitude. We compared each KO and its associated WT group with a t-test. Experiment 7: is Sur1 necessary for normal taste-mediated licking for sugars? To determine the necessity of the K ATP pathway in taste cells for taste-mediated behavioral attraction to sugars, we compared licking responses of Sur1 KO and WT mice to a range of concentrations of glucose (0.03, 0.1, 0.3, 0.6, and 1.0 M) and sucrose (0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 M). We selected these sugars because they elicited the strongest CPIR. Each mouse was tested with both sugars. To control for order effects, we counterbalanced the testing sequence of each sugar across mice. We employed the same gustometer training and testing procedures as described above. We used a mixed-model ANOVA to compare SLR across genotypes, separately for each sugar. We treated genotype as a within factor and concentration as a between factor. Experiment 8: does pharmacological manipulation of K ATP channel alter CPIR? For the glyburide test, the experimental solution contained 150 M glyburide, 0.33% DMSO, and 0.5 M glucose, whereas the control solution contained 0.33% DMSO and 0.5 M glucose. We used a relatively low glucose concentration (i.e., 0.5 M) to minimize the chances of a ceiling effect compromising our results. For the diazoxide test, the experimental solution contained 250 M diazoxide, 0.66% DMSO, and 1.0 M glucose, whereas the control solution contained 0.66% DMSO and 1.0 M glucose. We used a relatively high glucose concentration (1.0 M) to minimize the chances of a floor effect compromising our results. We selected the indicated concentrations of glyburide and diazoxide based on pilot studies and the literature (23) .
After training the mice to lick in the gustometer, we subjected them to CPIR testing. We used different mice in the glyburide and diazoxide tests. For a given test, we ran each mouse through two trials, each on separate days. In one trial, the mouse received the experimental solution; in the other trial, it received the control solution. We counterbalanced the order in which the experimental and control solutions were tested (i.e., day 1 or 2) across mice. During each trial, we collected plasma insulin at baseline (0 min) and 5 min after the mice initiated licking for the experimental or control solution. All mice had to complete 200 licks within a 3-min period to be included. We compared plasma insulin responses to licking for the control versus experimental solutions with paired t-tests, separately for the glyburide and diazoxide tests.
RESULTS

Experiment 1: time course of change in plasma insulin and blood glucose concentration.
Licking for 1.0 M glucose caused a marked increase in both plasma insulin and blood glucose, but over different time frames ( Fig. 1) . Whereas there was a trend for the ⌬ plasma insulin concentration to rise above zero within 2 min (one sample t-value ϭ 2.42, df ϭ 6, P ϭ 0.052), it did not do so significantly until 3 min had elapsed (one sample t-value ϭ 6.87, df ϭ 7, P Ͻ 0.0003). In contrast, the ⌬ blood glucose concentration did not rise significantly above zero until 4 min had elapsed (one sample t-value ϭ 4.77, df ϭ 6, P Ͻ 0.004). Given that there was virtually no change in blood glucose concentration during the initial 3 min of the test, it follows that the early rise in plasma insulin could not have been elicited by a change in blood glucose concentration. Thus we infer that the early rise in plasma insulin reflects a cephalicphase response.
Experiment 2: determination of isoacceptable concentrations of tastants. To compare the different artificial sweeteners and carbohydrates in terms of their ability to elicit CPIR, we determined isoacceptable concentrations of each ( Fig. 2 ). We found that the SLRs increased significantly with concentration for each taste stimulus (in all RM ANOVAs, P Ͻ 0.001). Whereas SLR rose monotonically with concentration for most stimuli, that for SC45647 did so until 3 mM but then decreased significantly at the 10 mM concentration (paired t-value ϭ 6.2, df ϭ 8, P Ͻ 0.001). We labeled the isoacceptable concentration of each taste stimulus in Fig. 2 with an asterisk. Experiment 3: which taste stimuli elicit CPIR in B6 mice? We measured changes in plasma insulin and blood glucose after mice took a weight-specific number of licks for isoacceptable concentrations of four sugars (glucose, sucrose, maltose, fructose), a maltodextrin (Polycose), a nonmetabolizable glucose analog (MDG), and four artificial sweeteners (saccharin, sucralose, Ace K, and SC45647). We defined CPIR as a significant elevation in plasma insulin (relative to baseline) within 5 min of initiating licking for the stimulus. This definition was based on a prior study of B6 mice, which reported that glucose triggers a rapid (within 5 min) rise in plasma insulin when it is ingested orally but not when it is infused intragastrically (19) .
Four of the taste stimuli (glucose, sucrose, maltose, and Polycose) elicited CPIR, whereas the other six (fructose, MDG, saccharin, sucralose, Ace K, and SC45647) did not (Fig.  3 ). The CPIR elicited by glucose was significantly larger than that elicited by maltose and Polycose, but the CPIR elicited by sucrose did not differ from that elicited by the other three carbohydrates according to an ANOVA (F 3,32 ϭ 6.7, P Ͻ 0.002) and Tukey-type multiple comparison.
We also examined the extent to which ingestion of isoacceptable concentrations of each taste stimulus increased plasma insulin over the 60-min sampling period ( Fig. 4 ). Only four of the taste stimuli (glucose, sucrose, maltose, and Polycose) caused a significant increase in plasma insulin concentration over time (Table 1 ). Glucose and sucrose elicited substantially larger and more protracted elevations in plasma insulin than did maltose and Polycose.
Five taste stimuli (i.e., glucose, sucrose, maltose, Polycose, and fructose) caused blood glucose to rise significantly (Table  1 ) above baseline at the 5-, 15-, and 30-min time points ( Fig.  3) . Fructose produced the smallest increase in blood glucose. Polycose caused the largest and most sustained increase in blood glucose, remaining significantly above baseline 60 min after initiating licking. This stems in part from the fact that the 30% Polycose solution (once digested) yielded more glucose molecules than the other carbohydrate solutions. . We present licking responses as standardized lick ratios (SLR) (means Ϯ SE). We defined the isoacceptable concentration of each taste stimulus as the lowest concentration that elicited an SLR Ͼ 0.7 (dashed line). We identify the isoacceptable concentrations with an asterisk. We tested the following number of mice with each taste stimulus: glucose (n ϭ 9), sucrose (n ϭ 11), maltose (n ϭ 9), Polycose (n ϭ 10), fructose (n ϭ 10), ␣-methyl-D-glucopyranoside (MDG; n ϭ 8), acesulfame potassium (Ace K; n ϭ 12), sucralose (n ϭ 11), saccharin (n ϭ 10), and SC45647 (n ϭ 9). Fig. 3 . Some, but not all, taste stimuli elicited cephalic-phase insulin release (CPIR) in B6 mice (experiment 3). We defined CPIR as a significant increase in plasma insulin concentration (i.e., ⌬ plasma insulin concentration) within 5 min of initiating licking for the taste stimulus, based on a one-sample t-test (P Ͻ 0.05). For each stimulus, we represent scores from each mouse as a circle, and the mean score as a horizontal line. We use closed circles for taste stimuli that elicited CPIR (i.e., glucose, sucrose, maltose, and Polycose), and open circles for taste stimuli that did not elicit CPIR. We compare mean CPIR magnitude across glucose, sucrose, maltose, and Polycose with a Tukey-type multiple comparison test. The means that differ significantly from one another lack a shared letter (i.e., a, b, or c) above them (P Ͻ 0.05). We use the following abbreviations for each taste stimulus: glucose (Gluc), sucrose (Sucro), maltose (Malt), Polycose (Poly), fructose (Fruc), ␣-methyl-D-glucopyranoside (MDG), saccharin (Sacc), acesulfame potassium (Ace K), sucralose (Sucra), and SC45647 (SC).
Experiment 4: does acarbose prevent sucrose, maltose, and
Polycose from eliciting CPIR? We found that acarbose treatment blocked CPIR in response to sucrose, Polycose, and to a lesser extent, maltose ( Fig. 5 ). That acarbose prevented digestion of sucrose and Polycose (and maltose to a lesser extent) is demonstrated by the plasma glucose data (see below). The absence of CPIR following acarbose treatment reveals that free glucose is necessary for eliciting CPIR.
We determined whether acarbose altered plasma insulin over the 60-min sampling period. For sucrose, there was a significant main effect of acarbose and significant interaction of acarbose ϫ time on both plasma insulin and blood glucose ( Table 2 , Fig. 6 ). The absence of any rise in blood glucose over the 60-min sampling period indicates that the acarbose completely inhibited the ability of ␣-glucosidases to hydrolyze sucrose in the mouth and gut. In fact, blood glucose dropped significantly below baseline at 30 min. Acarbose also prevented any detectable rise in plasma insulin over the 60-min sampling period.
For maltose, the main effect of acarbose on blood glucose was nonsignificant, but the interaction of acarbose ϫ time was significant (Table 2, Fig. 6 ). The interaction reflects the fact that the elevation in blood glucose in acarbose-treated mice was lower at 15 min than that in control mice. It follows that acarbose only partially blocked maltose hydrolysis in the mouth and gut. With regard to plasma insulin, there was a significant main effect of acarbose and a significant interaction of acarbose ϫ time. This reflects the fact that acarbose treatment not only attenuated the plasma insulin spike at 15 min (compared with the control mice) but also prevented plasma insulin from rising significantly above baseline over the entire 60-min sampling period.
For Polycose, there was a significant main effect of acarbose and significant interaction of acarbose ϫ time on blood glucose ( Table 2 , Fig. 6 ). Even though blood glucose rose significantly above baseline (at 5, 15, and 30 min) in acarbosetreated mice, it rose significantly less than in control mice.
Indeed, it appears that acarbose strongly inhibited (but did not eliminate) the ability of the amylases and ␣-glucosidases to hydrolyze Polycose. As a result of acarbose treatment, plasma insulin did not rise above baseline across the entire 60-min sampling period.
Experiment 5: does CPIR increase with intensity and duration of oral glucose stimulation? We found that licking glucose elicited a concentration-dependent increase in CPIR magnitude, peaking at 1 M glucose (F 4,58 ϭ 11.7, P Ͻ 0.0001) (Fig.  7A ). While 0.3 and 0.6 M glucose elicited CPIR, the magnitude was significantly less than that for 1 M glucose. Figure 7B shows that CPIR magnitude also increased monotonically with number of licks taken for 1 M glucose (F 3,34 ϭ 4.7, P Ͻ 0.008). These results establish that CPIR is a quantitative trait, whose magnitude varies as a function of the intensity and duration of glucose stimulation. Experiment 6: which signaling proteins are necessary for CPIR? We previously demonstrated that an intact T1r2ϩT1r3 receptor is not necessary for CPIR in mice. Here, we tested the necessity of other peripheral taste signaling proteins (Calhm1, P2X3ϩP2X3, SGLT1, and Sur1) to CPIR with the use of mice with global gene deletions. We asked whether plasma insulin increased within 5 min of initiating licking for 2.8 M glucose. There was no difference in CPIR magnitude among Calhm1 KO, P2X-dbl KO, or SGLT1 KO mice and their respective WT controls (Fig. 8) . In contrast, CPIR magnitude in Sur1 KO mice was blocked relative to Sur1 WT mice (unpaired t-value ϭ 2.84, df ϭ 21, P Ͻ 0.01). These results indicate that CPIR is mediated by the K ATP channel (of which Sur1 is a key component) and does not require Calhm1, P2X2ϩP2X3, or SGLT1.
We also examined the impact of knocking out Calhm1, P2X2ϩP2X3, SGLT1, and Sur1 on blood glucose and plasma insulin over the 60-min period immediately after ingestion. For Calhm1, there were no significant differences between the KO and WT mice in plasma insulin or blood glucose dynamics ( Table 3 , Fig. 9 ). This indicates that Calhm1 is not necessary for normal plasma insulin and blood glucose responses to ingested glucose.
For P2X2ϩP2X3, there were no significant differences in plasma insulin dynamics between the KO and WT mice, but there was a significant interaction of genotype ϫ time on blood glucose concentration ( Table 3 , Fig. 9 ). This interaction reflects two effects of deleting the P2X2ϩP2X3 receptor. First, blood glucose concentration rose significantly above baseline in the WT but not in the KO mice at the 5-min sampling period. Second, blood glucose concentration was significantly higher in the KO than in the WT mice at the 30-min sampling period, indicating impaired glucose tolerance in the KO mice. Accordingly, these results indicate that P2X2ϩP2X3 is necessary for normal glucose tolerance but not for normal plasma insulin responses to ingested glucose.
For SGLT1, there was no significant difference between the KO mice and WT controls in plasma insulin dynamics, although plasma insulin concentration was low in both types of Fig. 9 ). There was a significant main effect of genotype and a significant interaction of genotype ϫ time on blood glucose dynamics. This reflects the fact that blood glucose concentration barely rose above baseline in the KO mice (F 4,36 ϭ 3.3, P Ͻ 0.03); it exceeded baseline only 60 min after initiating licking (Dunnett's multiple comparison test, P Ͻ 0.05). This shows that SGLT1 is necessary for absorption of glucose but not for eliciting a plasma insulin response to ingested glucose.
For Sur1, there were significant differences between the KO and WT mice in both plasma insulin and blood glucose dynamics ( Table 3 , Fig. 9 ). Most importantly, the interaction of genotype ϫ time was significant for plasma insulin, reflecting the absence of an insulin spike during the 5-, 30-, and 60-min sampling periods in Sur1 KO mice. This latter result helps explain why the Sur1 KO mice exhibited such poor glucose tolerance. Thus, Sur1 is necessary for normal plasma insulin and blood glucose responses to ingested glucose. Fig. 7 . CPIR magnitude increased with glucose concentration (A) (i.e., sweetness intensity) and number of licks (B) (i.e., duration of stimulation) (experiment 5). We defined CPIR as a significant increase in plasma insulin concentration, relative to baseline, within 5 min of initiating licking for the taste stimulus (i.e., ⌬ plasma insulin concentration), based on a one-sample t-test (P Ͻ 0.05). For each treatment level, we represent the scores from each mouse as a circle, and the mean score as a horizontal line. We distinguish treatment levels that either did or did not elicit a CPIR with closed and open circles, respectively. We varied stimulation intensity by allowing B6 mice to take a weight-specific number of licks (4.3 licks/g mouse) for different concentrations of glucose. We varied stimulus duration by allowing mice to take different numbers of licks for 1 M glucose. We compared the mean CPIR values within A or B, using Tukey's multiple comparison test. Means that differ significantly from one another lack a shared letter (i.e., a, b, or c) above them (P Ͻ 0.05).
Experiment 7: is Sur1 necessary for normal taste-mediated licking for sugars? If the taste-mediated attraction to sugars is dependent on K ATP signaling, then genetic deletion of Sur1 should attenuate taste-mediated licking for glucose or sucrose. Figure 10 shows that Sur1 KO and WT mice both exhibited robust concentration-dependent increases in licking for both sugars in brief access tests (P Ͻ 0.0001) and that there was no effect of genotype. It follows that Sur1 is not necessary for the normal taste-mediated attraction to glucose or sucrose. Experiment 8: does pharmacological manipulation of K ATP channel alter CPIR? If CPIR is mediated by the K ATP channel, then drugs that either enhance (glyburide) or decrease (diazoxide) activity of this channel (22) should enhance or decrease CPIR magnitude in an analogous manner. We tested this prediction in B6 mice. As predicted, glyburide significantly increased CPIR in response to 0.5 M glucose (Fig. 11A) , and diazoxide significantly decreased CPIR in response to 1.0 M glucose in B6 mice (Fig. 11B) . These results provide direct support for a role of the K ATP pathway in taste cells in the generation of CPIR.
DISCUSSION
We demonstrated previously that B6 mice generate a robust rise in plasma insulin within 5 min of initiating licking for glucose (19) . We inferred that this early insulin response was mediated by oral stimulation (i.e., that it reflected CPIR) because when we delivered the same dose of glucose intragastrically (i.e., prevented oral stimulation), it took Ͼ5 min for plasma insulin to rise above baseline. Here, we obtained additional evidence that oral glucose stimulation triggers CPIR. When we measured minute-by-minute changes in plasma insulin and blood glucose levels immediately after the mice initiated licking for glucose, we found that plasma insulin levels rose above baseline 1-2 min before blood glucose levels did so.
We also made four observations that, when considered together, provide support for the hypothesis that blood glucose levels have limited impact on plasma insulin levels during the 5 min immediately after a glucose drink. First, plasma insulin levels were essentially flat across the 3-, 4-, and 5-min sampling periods, despite a large increase in blood glucose during the 4-and 5-min sampling periods (Fig. 1) . Second, the B6 mice experienced a significant rise in blood glucose within 5 min of initiating licking for fructose, but no associated rise in plasma insulin (Fig. 4) . Third, the B6 mice exhibited large and roughly equivalent elevations in blood glucose within 5 min of initiating licking for glucose and Polycose (93 and 81.5 mg/dl, respectively). Nevertheless, the rise in plasma insulin elicited by glucose was nearly five times larger than that elicited by Polycose (Fig. 4) . Fourth, the SGLT1 KO mice exhibited a small but significant increase in plasma insulin within 5 min of initiating licking for glucose, but no associated change in blood glucose (Fig. 9) . The lack of a change in blood glucose in the SGLT1 KO mice reflects the fact that SGLT1 is the primary mechanism for transporting glucose across the intestinal epithelium (21) .
If CPIR represents an adaptive feedforward mechanism for helping control blood glucose homeostasis, then one would expect that its magnitude would increase with the intensity and duration of glucose stimulation. In support of this hypothesis, we found that CPIR magnitude increased as a function of both the concentration of glucose and the number of licks taken for 1 M glucose in B6 mice. These results are consistent with a prior study of humans, which reported that CPIR magnitude increases with glucose concentration (67) .
Sucrose, maltose, and Polycose also elicited CPIR. However, given the presence of amylases in saliva and ␣-glucosi- Actual data are presented in Fig. 9 . We performed mixed-model ANOVAs, separately for each transduction protein and blood measurement. In each case, time was a within factor and genotype a between factor. Fig. 8 . CPIR magnitude (means Ϯ SE) was attenuated by knocking out Sur1, but not by knocking out Calhm1, the P2X2ϩP2X3 receptor, or SGLT1 (experiment 6). We defined CPIR as a significant increase in plasma insulin concentration, relative to baseline, within 5 min of initiating licking for the taste stimulus (i.e., ⌬ plasma insulin concentration), based on a one-sample t-test (P Ͻ 0.05). For each treatment level, we represent the scores from each mouse as a circle, and the mean score as a horizontal line. We distinguish treatment levels that either did or did not elicit a CPIR with closed and open circles, respectively. All mice took a weight-specific (4.3 licks/g) number of licks for 2.8 M glucose. We compared the response of each type of knockout (KO) mouse to its corresponding wild-type (WT) control, using an unpaired t-test. Only the Sur1 KO mice differed significantly from their WT control (*P Ͻ 0.05).
dases in taste cells, we hypothesized that sucrose, maltose, and Polycose may not have elicited CPIR directly. Instead, the amylases and ␣-glucosidases may have liberated glucose from the carbohydrates. Accordingly, the liberated glucose could have elicited CPIR. If so, then we predicted that acarbose (a hydrolysis inhibitor) would prevent sucrose, maltose, and Polycose from eliciting CPIR. Our results provided strong support for this prediction: none of the carbohydrates elicited a CPIR in the presence of acarbose. Blood glucose data confirmed that acarbose effectively blocked hydrolysis of the carbohydrates, although to varying degrees (sucrose Ͼ Polycose Ͼ maltose). The fact that acarbose completely blocked hydrolysis of sucrose and only partially blocked hydrolysis of maltose is consistent with prior studies in humans (30) and rabbits (27) . Given that acarbose does not impede entry of glucose into cells lining the small intestine (30, 37) , it is unlikely to have done so in taste cells. Likewise, given that other classes of glucosidase inhibitors did not diminish responses of the chorda tympani taste nerve to glucose (54) , it is improbable that acarbose interfered with the detection of glucose by taste cells in the present study. In sum, our acarbose results indicate that sucrose, maltose, and Polycose are hydrolyzed in the oral cavity and that the glucose liberated from these carbohydrates triggers CPIR in mice.
What taste signaling pathway mediates CPIR in mice? CPIR does not appear to be mediated by T1r2ϩT1r3 and its downstream signaling proteins. This inference is based on two lines of evidence. First, neither the T1r3 subunit of T1r2ϩT1r3 (19) nor downstream components of the T1r2ϩT1r3 taste signaling pathway (i.e., Calhm1 and the P2X2ϩP2X3 receptor) are necessary for CPIR. Second, even though fructose and the artificial sweeteners all bind to T1r2ϩT1r3 (12), they nevertheless failed to elicit CPIR at highly acceptable concentrations.
We tested two predictions of the hypothesis that CPIR is mediated by SGLT1. Given that MDG binds to SGLT1 (41), we predicted that MDG would elicit CPIR. This did not occur. We also predicted that genetic deletion of SGLT1 would eliminate the glucose-induced CPIR. Contrary to prediction, glucose elicited a CPIR in the SGLT1 KO mice that was equal in magnitude to that in the WT mice. Thus, the glucoseinduced CPIR is not mediated by SGLT1. It should be noted, however, that the CPIR generated by the SGLT1 KO and WT controls in experiment 6 was relatively small. This can be Table 3 ), we compared genotypes at each time period with Sidak's multiple comparison test (#P Ͻ 0.05). We also compared the plasma insulin or blood glucose concentration at baseline (B) with that at each successive time-point, separately for each treatment group, using Dunnett's multiple comparison test (*P Ͻ 0.05). We tested the following number of mice: Calhm1 WT (n ϭ 8) and KO (n ϭ 7); P2X-dbl WT (n ϭ 8) and KO (n ϭ 7); SGLT1 WT (n ϭ 10) and KO (n ϭ 10); and Sur1 WT (n ϭ 12) and KO (n ϭ 11). . We juxtapose licking responses (as indicated by standardized lick ratios) of Sur1 WT (n ϭ 11) and Sur1 KO (n ϭ 9) mice (means Ϯ SE). attributed to the low (2%) carbohydrate diet given to these mice; e.g., compare the CPIR displayed by B6 mice fed the normal (i.e., 57% carb) chow diet ( Fig. 3) with that displayed by SGLT1 WT mice fed the low-carbohydrate (2% carb) diet (Fig. 8) . The low-carbohydrate diet may have downregulated the CPIR signaling pathway in taste cells, diminished insulin production in pancreatic ␤-cells (66), or enhanced insulin clearance. It is notable that this low-carbohydrate diet does not reduce the preference of SGLT1 KO or B6 WT mice for saccharin (relative to B6 mice fed a normal high-carbohydrate diet) (46) .
We obtained four convergent lines of support for the hypothesis that the K ATP channel is part of a novel taste-signaling pathway for detecting glucose and eliciting CPIR. First, glucose was both sufficient and necessary for eliciting CPIR. Second, fructose and MDG, which do not activate the K ATP channel on their own (33, 70), did not elicit CPIR. Third, Sur1 (a critical component of the K ATP channel) was necessary for eliciting CPIR. Fourth, oral stimulation with drugs that either increase or decrease K ATP signaling elicited corresponding changes in glucose-stimulated CPIR. Contrary to the present findings, Seino et al. (48) concluded that CPIR is not mediated by the K ATP pathway in mice. However, because these investigators defined CPIR as a rise in plasma insulin within 15 min of initiating feeding, they could not dissociate the relative contribution of oral versus postabsorptive glucose stimulation to the rise in plasma insulin.
We still have a limited understanding of the nature of the K ATP signaling pathway in taste cells. Yee et al. (68) demonstrated that several GLUTs and the K ATP channel are expressed and functional in T1r3-positive taste cells. Accordingly, the upstream components of the K ATP signaling pathway in taste cells may be similar to those in pancreatic ␤-cells. Knowledge about downstream components of the K ATP signaling pathway is less complete. We found that genetic deletion of Calhm1 (an ATP-release channel) or P2X2ϩP2X3 (the receptor for ATP on afferent nerve fibers) did not attenuate the early rise in insulin (i.e., CPIR). This suggests that the K ATP signaling pathway does not utilize ATP as a neurotransmitter for relaying signals from taste buds to gustatory afferents. Accordingly, it is possible that the K ATP pathway stimulates release of a different neurotransmitter; e.g., serotonin (28, 35) . This latter possibility is supported by the observation that oral stimulation with 0.3 M glucose generates small but reliable chorda tympani (CT) nerve responses to 0.3 M glucose and sucrose in Calhm1 KO mice (56) but is contradicted by the absence of a CT nerve response to 0.5 M sucrose in P2X-dbl KO mice (15) .
Additional studies are needed to determine how activation of the K ATP signaling pathway in taste cells triggers insulin release from pancreatic ␤-cells. One hypothesis involves a neural mechanism; e.g., activated taste cells stimulate ascending gustatory pathways, which in turn stimulate preganglionic parasympathetic neurons within the DMNV, resulting in the release of acetylcholine onto pancreatic ␤-cells and secretion of insulin (6, 17) . There are several lines of support for this neural mechanism in the rat (7, 8, 50) . A second hypothesis involves a humoral mechanism; e.g., activated taste cells release a signaling molecule, which is conveyed directly to pancreatic ␤-cells via the blood. GLP-1 has been hypothesized to act in this manner based on the observation that it is released from murine taste cells in response to oral stimulation with glucose, sucrose, or saccharin (32, 55) . Two findings contradict this hypothesis, however. First, even though GLP-1 enhances glucose-stimulated insulin release from ␤-cells, it does not stimulate insulin release on its own (43) . Second, Takai et al. (55) found that oral stimulation with saccharin causes GLP-1 release from murine taste cells. If this taste cell-derived GLP-1 mediates CPIR, then oral stimulation with saccharin should have triggered CPIR in the present study. This was not the case.
Artificial sweeteners and CPIR. None of the artificial sweeteners elicited CPIR in the B6 mice, despite the fact that we used highly acceptable concentrations of each. For other species, there are contradictory reports about whether artificial sweeteners elicit CPIR. In rats, six studies reported that artificial sweeteners elicit CPIR (6, 44, 59, 60, 65) , whereas one reported that they do not (25) . In humans, one study reported that artificial sweeteners elicit CPIR (31), whereas four reported that they do not (1, 13, 26, 58) . These contradictory findings may stem in part from the fact that the studies did not all use the same concentrations of each artificial sweetener. For example, among the studies that tested saccharin in humans, the one that observed CPIR used a 10 mM concentration (31), whereas the ones that failed to do so used concentrations Յ3 mM (26, 58) . It is also possible that the CPIR elicited by 10 mM saccharin (31) represents a conditioned response based on prior experience with saccharin and ingested sugars (e.g., see Ref. 64) .
We can offer one explanation for how artificial sweeteners could trigger CPIR rats and humans, but not mice. Here, we found that incapacitation of the K ATP pathway abolishes CPIR but has no apparent impact on taste-mediated licking for sugars. In contrast, we reported previously that incapacitation of the T1r2ϩT1r3 pathway abolishes taste-mediated licking for sugars but has no apparent impact on CPIR (19) . Taken together, these observations indicate that despite occurring within the same taste cell (68), the K ATP and T1r2ϩT1r3 signaling pathways function (at least partially) independently of one another and generate distinct physiological responses in mice. If we assume that the same basic configuration exists in the taste cells of rats and humans, then it is possible that there is more crosstalk between the two signaling pathways in these species. Accordingly, when artificial sweeteners activate the T1r2ϩT1r3 pathway in rats and humans, they could also activate downstream components of the K ATP pathway and thereby elicit CPIR.
Perspectives and Significance
Several studies have postulated the existence of a T1r2ϩT1r3-independent signaling pathway for tasting carbohydrates (16, 45, 62, 72) , but this study is the first to implicate a specific pathway; namely, the K ATP signaling pathway. This T1r2ϩT1r3-independent signaling pathway does not appear to play a role in motivating intake of carbohydrates. Instead, it helps animals determine the concentration of glucose or glucose-containing carbohydrates in food and generate a CPIR of appropriate magnitude. Notably, the physiological impact of activating the K ATP signaling pathway may not be limited to insulin release. There is evidence, for instance, that oral stimulation with glucose alters celiac artery blood flow and gastric myoelectrical activity in humans (14) .
Given that type 2 diabetes now afflicts nearly 10% of Americans (11) , it is critical to gain a more complete understanding of the mechanisms that regulate insulin section and glucose tolerance. Despite clear evidence that oral stimulation with food-related chemical stimuli triggers CPIR and dramatically improves glucose tolerance in humans (10, 57) , rats (52) and mice (19) , most studies of glucose tolerance in rodents bypass oral stimulation and administer nutrients either intragastrically or intravenously (2, 5, 9, 38) . We recommend that future studies of glucose tolerance in rodents incorporate oral stimulation into the experimental design.
